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Many aspects of physiology and behavior follow a circadian
rhythm. Brain and muscle Arnt-like protein-1 (BMAL1) is a key
component of the mammalian molecular clock, which controls
circadian oscillations. In the rat, the gene encoding Bmal1 is located
within hypertension susceptibility loci. We analyzed the SNP distribution pattern in a congenic interval associated with hypertension in the spontaneously hypertensive rat (SHR), and we show
that Bmal1 maps close to a region genetically divergent between
SHR and its normotensive (Wistar–Kyoto) counterpart. Bmal1 sequencing in rat strains identified 19 polymorphisms, including an
SHR promoter variant that significantly affects Gata-4 activation of
transcription in transient transfection experiments. A genetic association study designed to test the relevance of these findings in
1,304 individuals from 424 families primarily selected for type 2
diabetes showed that two BMAL1 haplotypes are associated with
type 2 diabetes and hypertension. This comparative genetics finding translated from mouse and rat models to human provides
evidence of a causative role of Bmal1 variants in pathological
components of the metabolic syndrome.
comparative genomics 兩 genetic polymorphism 兩 molecular clock 兩
SNP 兩 sequence variation
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T

he regulation of a wide range of biological functions in
mammals is subject to circadian variation controlled by the
master circadian pacemaker in the suprachiasmatic nucleus of
the hypothalamus (1, 2). It has long been observed that pathologic cardiac events display diurnal rhythm patterns. The occurrence of acute myocardial infarction, myocardial ischemia, sudden cardiac death, and stroke shows a markedly increased
incidence from dawn to noon (3–5). Blood pressure usually
exhibits a circadian pattern of a nightly decrease, and loss of this
nocturnal drop in blood pressure (‘‘non-dipper’’ pattern) correlates with a higher risk of cardiovascular complications (6, 7).
Growing evidence supports the existence of a functional
relationship between systems regulating the circadian clock and
cardiovascular physiology and pathology in humans and in
hypertensive models (8). The circadian expression of plasminogen activator inhibitor-1, a clock-regulated gene that participates in the regulation of thrombolysis and are associated with
increased risk of myocardial infarction (9), is compromised in the
heart of SHR (10). Although circadian oscillations of the expression of genes of the renin-angiotensin system are conserved
in cardiac tissue of SHR, their expression are up-regulated in
SHR when compared with normotensive Wistar–Kyoto (WKY)
rats (11). Abnormal circadian blood pressure rhythm is associated with hypertensive target-organ damage in SHR strokeprone rats (12).
The brain and muscle Arnt-like protein-1 (BMAL1) is a core
component of the circadian clock and a vital element of the
central circadian pacemaker. It is expressed at high level in some
regions of the brain (13, 14), and synchronized peripheral
oscillation is observed in muscle, lung, kidney, liver, and heart
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(15). Mice homozygous for Bmal1 deletion exhibit an immediate
and complete loss of circadian rhythmicity in constant darkness
(16). Inactivation of Bmal1 in mice is associated with a wide
range of phenotypes, including decreased body weight; shortened life span; increased sleep time and sleep fragmentation;
and altered regulation of blood pressure, glucose homeostasis,
lipid metabolism, and adipogenesis (16–19). Changes in Bmal1
circadian expression have been reported in hypertensive models
(10). Therefore Bmal1 has an important role in a variety of
functions other than regulating circadian rhythm, and its role
depends on the tissue type in which it is expressed.
The gene encoding BMAL1 maps to human chromosome
11p15.2. In rat, it is located in a region of chromosome 1q34
harboring quantitative trait loci (QTL) for blood pressure, type
2 diabetes (T2D) mellitus, body weight, cardiac mass, and kidney
mass. Compelling evidence supports the existence of several
genes accounting for these blood pressure QTL in hypertensive
rat strains (20–24). Recent work in a congenic strain (Sisa1a)
designed to dissect one of these QTL has identified a 3-Mb
region in SHR with significant impact on blood pressure (25).
The gene encoding Spondin 1, which maps 0.5 Mb distal to Bmal1
in the congenic interval, was proposed as a candidate (25), but
functional mutations accounting for the blood pressure QTL
effect remain unknown.
In the present study, we mapped Bmal1 with respect to rat
single nucleotide polymorphism (SNP) data in the Sisa1a congenic region and identified functional variants in Bmal1 promoter in WKY and SHR that alter transcription regulation.
Genetic studies designed to test the relevance of BMAL1 sequence variants in the etiology of human hypertension identified
haplotypes of SNPs in the gene associated with hypertension and
T2D.
Results
Genotype Analysis of the Blood Pressure QTL in the Sisa1a Strain. The

SHR and WKY strains, which derive from the same outbred
stock (Wistar), are likely to share genetic similarities outside
hypertension susceptibility loci as the result of generations of
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SNPs known to map to the locus and previously characterized for
allele variation between rat strains (www.snp-star.eu) [Fig. 1 and
supporting information (SI) Table 4]. After SNP sequencing in
SHR and WKY parental strains of Sisa1a, 12 SNPs (31%)
showed evidence of allele variation in this strain combination.
This polymorphism rate is consistent with that given by microsatellite markers (26). We identified a genomic region flanked by
Bmal1 and Spondin1 containing an apparent cluster of five
consecutive variable SNPs between SHR and WKY, suggesting
that this locus may have been inherited during the phenotype
assisted selection process used to derive the strains. The other
seven variable SNPs were interspersed with conserved SNPs and
may correspond to genetic variations that occurred because the
strains were independently derived.

Fig. 1. Genotype data in WKY and SHR strains for SNPs localized in the 3.06-Mb
genomic region of chromosome 1 (169.25 Mb at marker D1Njs11; 172.31 Mb at
marker D1Njs17) associated with changes in blood pressure regulation in the
Sisa1a congenic strain (www.snp-star.eu). Arrows indicate the localization of
markers flanking the congenic interval (black) and their genotypes in the congenic strain as reported in ref. 25 and SNPs showing allele variations (blue) or no
variations (pink) between SHR and WKY strains. Solid bar represents the chromosomal region carrying WKY alleles in the Sisa1a strain, and open bars at the
end of the congenic segment are regions of crossover where genotype is unknown. SNP details are given in SI Table 4. Gene representation and location are
from Ensembl (www.ensembl.org/Rattus㛭norvegicus/index.html). Chromosomal
locations refer to the most recent rat genome assembly (RGSC 3.4, genebuild,
December 2004).

breeding of rats selected for high (SHR) or normal blood
pressure (WKY). To investigate the genetic relationship between
these strains in the Sisa1a congenic region (25), we selected 39

Before sequence analysis, computational sequence homology
search (BLAST high-throughput genomic sequence) was carried
out with the rat Bmal1 cDNA reference sequence NM㛭024362 to
identify the unfinished high-throughput genomic sequence
AC098214, which contains all 20 exons of Bmal1. Detailed gene
sequence analysis in 12 inbred rat strains identified two promoter
variants (16662-T/C and 18477-T/G), one SNP each in the 5⬘
untranslated region of exon 1 (18814-C/T) and the 3⬘ untranslated
region of exon 20, and seven intronic polymorphisms, including six
SNPs (Table 1). Absence of variants in Bmal1 coding region in SHR
and WKY confirms the findings in ref. 25. Three SNPs (16662-T,
99716-T, 104261-A) were specific to the BN strain, and two SNPs
were specific to the GK stain (115805-A, 116478-C). WKY and
SHR strains showed evidence of allele variation for five SNPs
(18477-T/G, 18814-C/T, 18958-C/G, 107111-A/G, 111392-C/T) that
were conserved in SHR and Lewis strains.
After transcriptional binding site scan (Tfsitescan program,
available at www.ifti.org), we found that the promoter SNP
18477-T/G located at position ⫺240 from initiation start-site
(based on rat EST CB579395) alters the GATA or nuclear factor
NF-E1 consensus sequences (27). The 18814-C/T SNP located in
the exon 1 untranslated region may affect a paired box gene 6
(Pax6) transcriptional regulator element binding domain (28).
Functional Analysis of Rat Bmal1 Promoter Polymorphisms. To test the
possible effects of Bmal1 promoter SNPs (18477-T/G and 18814C/T) on GATA- or Pax6-mediated regulation of Bmal1 transcription, the region containing the SNP alleles of the normotensive
(WKY) or hypertensive (SHR, SHR stroke-prone) strain was
cloned upstream of the firefly luciferase gene to transiently transfect human 293 embryonic kidney (HEK293) cells or hepatoma
Hep3B cells (Fig. 2). The promoter variants were constitutively

Table 1. Bmal1 single nucleotide polymorphisms detected in inbred rat strains
SNP
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16662-T/C
18477-T/G
18814-C/T
18958-C/G
91363-(GA)n
99716-T/C
104261-A/G
107111-A/G
111392-C/T
115805-G/A
116478-T/C

Region

WKY

SHR/SHRSP

BN/Ox

GK/Ox

Lewis

F344

SS/Jr

Promoter
Promoter
5⬘UTR/Exon 1
Intron 1
Intron 9
Intron 11
Intron 13
Intron 15
Intron 17
Intron 19
3⬘UTR/Exon 20

C
T
C
C
26/28/30
C
G
G
C
G
T

C
G
T
G
17
C
G
A
T
G
T

T
T
C
C
26
T
A
A
C
G
T

C
T
C
C
30
C
G
A
T
A
C

C
G
T
G
17
C
G
A
T
G
T

C
T
C
C
31
C
G
G
C
G
T

C
T
C
C
28
C
G
A
T
G
T

WKY strains were from the colonies bred in Heidelberg, Leicester, and Izumo. SHR/SHRSP strains were from the colonies maintained
in Heidelberg, Leicester, Izumo, and Glasgow. Number of repeats (91363-(GA)n) in intron 9 varied among WKY colonies bred at
Heidelberg (n ⫽ 26), Leicester (n ⫽ 28), and Izumo (n ⫽ 30). SS/Jr, Dahl salt-sensitive hypertensive rat. The number on SNPs refers to the
variant position in AC098214 (HTGS 13-Nov-2002).
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Sequence Analysis of Rat Bmal1 Coding and 5ⴕ Flanking Regions.

Fig. 2. Effects of Bmal1 promoter sequence variants on relative luciferase
activity of human 293 embryonic kidney (HEK293) or hepatoma (Hep3B) cells.
(A) Embryonic kidney (HEK293) cells. (B) Hepatoma (Hep3B) cells. Proliferating
cells were transfected with the control vector pGL3-Basic or Bmal1 promoterluciferase reporter designed to test the effect of promoter SNPs 18477-T/G and
18814-C/T (WKY/SHR allele) on gene transcription (see Materials and Methods). Luciferase reporter gene expression was determined 48 h after transfection. Transfection efficiencies were normalized to lacZ activity of cotransfected pCMX-lacZ plasmid. Results are expressed as the increase in luciferase
activity relative to the pGL3-Basic. Results are the mean ⫾ SEM and are
representative of four separate experiments performed in duplicate.

active in both cell types. However, the activity of the WKY
promoter was consistently 2-fold higher than that of the SHR
promoter. These results indicate that both promoters are functional
and that the SNPs 18477-T/G and 18814-C/T alter Bmal1 promoter
elements that affect gene expression regulation.
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Bmal1 Promoter Polymorphisms Affect Gata-4-Stimulated Transcription. We then assessed the function of Bmal1 promoter poly-

morphisms on GATA and Pax6-mediated gene transcription,
using WKY or SHR promoter reporter plasmids cotransfected in
Hep3B cells with plasmids expressing Gata-4, Gata-5, or Pax6
proteins. We show that transfection of the plasmids expressing
Gata-4 or Pax6 activate both WKY and SHR Bmal1 promoter
constructs in a dose-dependent manner (Figs. 3, 4), indicating
that the predicted binding sites to these transcription factors are
functional. Transcription activity of Bmal1 promoter constructs
was also increased, but to a lesser extent, by Gata-5 (Fig. 4).
However, at both 20-ng and 40-ng doses of Gata-4 expressing
vector, transcriptional activity of the SHR Bmal1 promoter
construct was significantly lower than that of the WKY construct
(Fig. 3). In contrast, the levels of Pax6 and Gata-5 stimulated
transcription of the WKY and SHR Bmal1 promoter constructs
were similar (Fig. 4). The cotransfection of plasmids expressing
Gata-4 and Pax6 led to a further enhancement of transcription
by both SHR and WKY Bmal1 promoters indicating cooperation
between Gata-4 and Pax6 to activate transcription. The cotransfection of Gata-4 and Pax6 also levels the transcriptional activity
conferred to the two promoters (Fig. 4).
Overall, these results indicate that Gata-4 and Pax6 activate
transcription driven by the Bmal1 promoter and that they can
cooperate to activate the Bmal1 promoter. The variant 18814-C/T
does not change Pax6-mediated activation of transcription, whereas
the variant 18477-T/G significantly reduces the transcriptional
activation of the SHR Bmal1 promoter by Gata-4. Finally, Pax6
14414 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0703247104

Fig. 3. Gata-4-mediated activation of Bmal1 promoter reporter constructs.
Hep3B hepatoma cells were cotransfected with Bmal1 promoter constructs containing either the WKY alleles (18477-T and 18814-C) or the SHR alleles (18477-G
and 18814-T) and increasing doses of plasmid expressing Gata-4 to determine the
maximal activation of Bmal1 promoter. Results are expressed as the increase in
luciferase activity relative to the pGL3-Basic. Results are the mean ⫾ SEM and are
representative of three separate experiments performed in duplicate.

coexpression with Gata-4 levels these changes of transcription
activity.
BMAL1 SNPs Are Associated with Hypertension and T2D in Humans. To

test the relevance of BMAL1 polymorphisms to human hypertension and extend the study to the broad context of insulin
resistance, which accounts for the spectrum of SHR pathophysiology (29) and the biological function of the gene (17, 19), we
carried out extensive sequence and SNP analyses in British
families ascertained through a T2D proband (30). The National
Center for Biotechnology Information dbSNP database, the
International HapMap Project SNP database, and our original
sequencing data in 96 individuals provided us with 19 SNPs for
the initial phase of SNP genotyping. A further 40 SNPs were
chosen to increase marker density in the region showing provisional association with either hypertension or T2D (see Material

Fig. 4. Activation of Bmal1 promoter reporter constructs by Gata-5, Pax6, and
Gata-4. Hep3B hepatoma cells were cotransfected with Bmal1 promoter constructs containing either the WKY alleles (18477-T and 18814-C) or the SHR alleles
(18477-G and 18814-T) and the indicated expression plasmids. Two concentrations (20 and 40 ng) of Pax6 expressing vector were used. Results are expressed as
the increase in luciferase activity relative to the pGL3-Basic. Results are the
mean ⫾ SEM and are representative of two separate experiments performed in
duplicate.
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Table 2. TRANSMIT analysis of BMAL1 polymorphisms in the DIF collection
Step 1
Disease
Hypertension
T2D

First marker
rs6486121
rs7950226

Second marker

Third marker

rs3789327
rs11022775

rs969485

Step 2

 (df)

P

8.50 (1)
7.74 (1)

3.6⫻10⫺3

2

5.4⫻10⫺3

Step 3

 (df)

P

 (df)

P

17.94 (3)
14.50 (3)

4.5⫻10⫺3

27.01 (7)

3.3⫻10⫺4

2

2

2.3⫻10⫺3

and Methods). These markers were genotyped in 1,304 individuals from 424 British T2D families [Diabetes in Families (DIF)
study collection]. The location and linkage disequilibrium information for the markers are shown in SI Fig. 5. We used a
family-based test of linkage and association (TRANSMIT software) to analyze the data (31). TRANSMIT calculates a score–
test statistic that is insensitive to population stratification, appropriately weights affected siblings, allows for missing parental
genotypes, and provides a complementary test to the classic
transmission disequilibrium test (32).
Single-marker analysis with hypertension and T2D in DIF, using
TRANSMIT, is given in SI Table 5. The strongest evidence for
association to hypertension was found with rs6486121 (P ⫽ 3.6 ⫻
10⫺3); the strongest evidence for association to T2D was found with
rs7950226 (P ⫽ 5.4 ⫻ 10⫺3). After correcting for multiple testing (59
SNPs), none of the SNPs were significantly (P ⱖ 0.19) associated
with either hypertension or T2D in an experiment-wise context. We
further examined the data to search for haplotype associations that
can be more powerful if multiple variants in a gene influence
disease risk. Tables 2 and 3 provide a summary of the haplotype
analyses from the DIF study. The strongest evidence for association
in this family study was found with the hypertension phenotype (P ⫽
3.3 ⫻ 10⫺4), using a three-marker haplotype (rs6486121, rs3789327,
rs969485). A second two-marker haplotype (rs7950226,
rs11022775) showed association with T2D (P ⫽ 0.002). The SNPs
associated with hypertension or T2D were not in the same haplotype block (SI Fig. 5).
Discussion
In this article, we describe a series of investigations in the
laboratory rat and in a human cohort which provide evidence for
a causal relationship between Bmal1 sequence polymorphisms
and human hypertension. Genetic studies of blood pressure
QTLs in the rat are progressing with the development of
congenic models designed to fine map hypertension genes, and
advanced knowledge of allele variation between strains (www.snp-star.eu), which can assist candidate gene selection in
genetically divergent regions of the genome. Analysis of SHR
and WKY SNP alleles at the blood pressure QTL in the Sisa1a
congenic strain suggests that the interval flanked by Bmal1 and
Spon1 may correspond to an ancestral haplotype containing
hypertensive gene(s) originally present in outbred Wistar rats
and selected in SHR. The observation of an apparent complete
genetic conservation between SHR and WKY for 170 consecTable 3. Three-locus BMAL1 haplotypes associated with
increased disease risk in the DIF collection
Disease
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Hypertension
T2D

Haplotype

GRR (CI)

Frequency

CCA*
AC†

2.14 (1.45–3.38)
1.54 (1.22–1.97)

0.15
0.44

Physical locations are based on dbSNP build 126. GRR, genotypic risk ratio
(95% confidence interval).
*Marker order: rs6486121 (13,312,346 bp), rs3789327 (13,341,892 bp),
rs969485 (13,359,619 bp).
†Marker order: rs7950226 (13,274,715 bp), rs11022775 (13,330,340 bp).
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utive markers ⬎16.6 Mb of this QTL in the congenic strain
WISA1 (10.7 cM, 29.2 Mb) distal to the Sisa1a region (33)
supports the applicability of this strategy to select positional
candidate genes (data not shown).
Our findings contribute to the characterization of functional
regulatory elements in the promoter of Bmal1. The promoter
variant 18477-T/G in SHR and WKY appears to disrupt a
transcription factor binding site for GATA. The SHR allele
(18477-G) is associated with a marked reduction of transcription
efficiency and a significant impairment of Gata-4-mediated
transcription activation that the overexpression of Pax6 compensates. Because GATA-4 is known to be expressed in cells of
the cardiovascular system (34, 35), this promoter polymorphism
may induce changes in Bmal1 expression in key organs involved
in blood pressure regulation. In addition, as Pax6 expression is
positively regulated by Clock and Bmal1 (36), reduced Bmal1
transcription in SHR may result in decreased expression of Pax6,
which may in turn fail to compensate GATA-4-mediated Bmal1
expression down-regulation and directly affect glucose homeostasis (17, 37). We have verified the full sequence conservation in SHR and WKY of other components of the molecular
clock, Per1 (data not shown) and Clock (38), which are unlikely
to alter allele specific biological effects of Bmal1 variants.
The in vivo consequences of SHR Bmal1 promoter variants and
their involvement in blood pressure regulation remain to be established. The Sisa1a congenic strain provides a highly practical tool
for a wide range of in vivo investigations relevant to Bmal1
biological functions (17, 19) and for testing possible relationships
between hypertension and changes in the circadian oscillations of
blood pressure (6). Altered levels of Bmal1 may contribute to
hypertension in SHR through aberrant sleep pattern and changes
in the macrostructure of sleep, which have been documented in
SHR (39) and Bmal1⫺/⫺ mice (40), and are similar to disruptions
reported in hypertensive patients (41). A causative link between
obstructive sleep apnea and hypertension exists in humans (42, 43).
The detection of Bmal1 functional SNPs in an SHR-derived
congenic strain exhibiting altered blood pressure regulation raises
fundamental questions in quantitative genetics. It is possible that
Bmal1 SNPs were serendipitously isolated during the selection of
the SHR strain simply as a consequence of their physical linkage to
a hypertension-causing gene. It is equally possible that Bmal1
variants have been selected in SHR for their roles on the regulation
of a broad range of biological processes, including blood pressure
(19), and therefore directly underlie hypertension QTL effects. This
hypothesis is supported by the fact that the SHR, which is primarily
a model of essential hypertension caused by selected naturally
occurring variants, is widely accepted as a model of genetically
determined metabolic syndrome (29). The relationship between
alteration of components of the circadian clock and pathophysiological components of the metabolic syndrome has been clearly
established in mice (17, 19). Finally, the most significant mutations
documented in SHR/SHR stroke-prone affect genes encoding the
Cd36 antigen and the inositol polyphosphate phosphatase-like 1
(Inppl1, Ship2), which cause insulin resistance (44, 45). These data
strongly support the importance of extensive synchronous in vivo
investigations in the Sisa1a strain for testing a possible role of Bmal1
in the regulation of insulin sensitivity and blood pressure, even
PNAS 兩 September 4, 2007 兩 vol. 104 兩 no. 36 兩 14415
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Global P values (i.e., testing overall haplotype– disease association) are shown at each step of the forward-selection procedure. df denotes the degrees of
freedom associated with the TRANSMIT 2 statistic.

though other SHR variants in the congenic region may contribute
to hypertension.
Results from genome-wide scans for human hypertension have
detected linkage to chromosome 11 in the region of BMAL1 (46,
47), which in light of our findings in rats and data in Bmal1⫺/⫺ mice,
support BMAL1 as a plausible candidate gene for hypertension.
Recent genome-wide association studies identified evidence of
associations between BMAL1 SNPs and hypertension (P ⫽ 0.0042
for marker rs9633835) or T2D (minimum P ⫽ 0.0036 for marker
rs7947951) (SI Table 6) (48, 49). We did not replicate the association with these markers in DIF (P ⬎ 0.5).
In summary, we have found a promoter polymorphism in the
gene encoding Bmal1 in the SHR strain, which alters its expression in vitro. Supported by data in Bmal1⫺/⫺ mice (17, 19), we
have translated the results from rat to human, with the finding
of a strong association of BMAL1 SNP haplotypes with hypertension and T2D in a family study. Replication studies of our
genetic findings in humans in other cohorts, especially in different pathophysiological contexts, will test the extent to which
defects in BMAL1 are involved in the etiology of hypertension,
T2D, and other components of the insulin resistance syndrome.
Materials and Methods
SNP-Based Genotype Analysis of the Critical Congenic Interval in WKY
and SHR Rat Strains. Rat SNPs mapped to the 3.01-Mb genomic

region of chromosome 1 associated with changes in blood pressure
regulation in Sisa1a congenic strains (25) were obtained from the
STAR project (www.snp-star.eu). Polymorphism data were established in WKY and SHR strains. They were verified by sequencing
DNA aliquots of WKY and SHR strains of the Leicester colonies
used to derive the congenics. Information for all rat SNPs used in
this study are available through Ensembl (www.ensembl.org/
Rattus㛭norvegicus/index.html) and reported in SI Table 4.
Bmal1 Promoter and Full-Length Coding Sequence Analysis and SNP
Sequencing. Oligonucleotides were designed to amplify genomic

regions of the Sisa1a congenic interval where rat SNPs were
reported. Resequencing was carried out only in the SHR and
WKY rats of the Leicester colony. For Bmal1 sequence analyses,
an unfinished high-throughput genomic sequence (accession no.
AC098214) containing the full-length rat Bmal1 (ArntI) gene was
used to design oligonucleotides flanking exons for PCR amplification (SI Table 7). Sequence analysis also covered ⬇2.1 kb of
the promoter region and 0.78 kb of the 3⬘ untranslated region.
The complete Bmal1 sequence (NM㛭024362) and promoter
region were amplified by PCR and sequenced by using genomic
DNA of 12 inbred rat strains described elsewhere (38). The PCR
and sequencing products were purified by using Bio-Gel P100 gel
(Bio-Rad, Hercules, CA) and Sephadex G50 Superfine (Amersham Biosciences, Uppsala, Sweden) in 96-well Multiscreen-HV
filter plates (Millipore, Bedford, MA). Sequencing reactions
were performed with BigDye terminators, Version 3.1, and
analyzed by ABI PRISM 3700 DNA Analyser (Applied Biosystems, Foster City, CA). Sequence analysis and mutation detection were performed by the Sequence Navigator program (Applied Biosystems, Foster City, CA).
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Plasmids. Plasmids expressing the mouse Gata-4 and Gata-5 were

gifts from T. Simon (Washington University School of Medicine,
St. Louis, MO). The plasmid expressing the rat Pax6 was a gift
from M. Sakai (Hokkaido University Graduate School of Medicine, Sapporo, Japan). pCMX-lacZ was a gift from R. Evans
(Salk Institute, San Diego, CA). The fragment of the Bmal1
promoter from SHR, BN, or WKY genomic DNA harboring the
SNPs 18477-T/G (⫺240 bp) and 18814-C/T (⫹98 bp) was
amplified by PCR, using the following primers: 5⬘-CATCCGCTCGAGTGTGCTTCTGTGCACCAAAT-3⬘ (forward)
and 5⬘-CATCCGAAGCTTTAAGGGGCGCAGCCTC-3⬘ (re14416 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0703247104

verse) and cloned into pGL3-basic vector (Promega, Madison,
WI) at the XhoI-HindIII sites. Plasmid integrity was verified by
sequencing.
Transfection and Luciferase Assays. These plasmids were used in

transient transfection assays. Human 293 embryonic kidney or
Hep3B hepatoma cells were plated in 24-well plates at 2.5 ⫻ 104
cells per well and transfected the next day, using Fugene 6 (Roche,
Burgess Hill, U.K.) according to the manufacturer’s instructions.
pCMX-lacZ (100 ng) was cotransfected in all experiments, luciferase and lacZ activities were measured as described in ref. 50, and
the relative luciferase activity was calculated. Amounts of DNA
used per transfection refer to the amounts added per well.
T2D Family Collection. Informed consent was obtained from all

subjects, and the investigation was conducted according to the
principles expressed in the Declaration of Helsinki. DIF is a
collection of community-based diabetic patients collected in the
United Kingdom via their general practitioners (1,304 individuals from 424 families; 41 families had at least one parent
available for sampling). These are British families of European
descent containing a T2D patient with one or more siblings.
Incidence of hypertension in the DIF T2D patients was 38%,
whereas 59% of the nondiabetic subjects had hypertension (30).
Other phenotype details regarding impaired glycemic control,
obesity, and lipid parameters are described in ref. 30.
Human BMAL1 SNP Discovery and Genotyping. The dbSNP database

(www.ncbi.nlm.nih.gov/SNP) and the International HapMap
Project SNP database (www.hapmap.org) were used to search for
BMAL1 SNPs. Approximately 1.6 kb of the genomic sequence
AC022878 containing the human BMAL1 promoter region was
resequenced to confirm polymorphism of known SNPs and to
discover new ones in a panel of selected U.K. individuals from a
hypertension family collection and from the DIF T2D collection (24
hypertensive, 24 nonhypertensive, 24 type 2 diabetics, 24 nondiabetics), using four primer pairs (SI Table 7).
We used a tag-SNP strategy to select 23 SNPs from BMAL1,
which captured 100% of alleles with r2 of 0.8 identified by using
the HapMap genome browser, based on data from Utah residents of European ancestry. Eighteen of these SNPs were
successfully genotyped by the Sequenom iPLEX mass-spec
system (Sequenom, San Diego, CA) (see SI Fig. 5 and SI Table
8). Based on the results of an exploratory analysis, further
variants were selected in regions that showed preliminary evidence of association with hypertension or T2D
(Chr11:13275007–13359711), and assays were designed for 49
further SNPs. Locations of the SNPs with respect to BMAL1
promoter, introns, and exons are given in SI Table 8.
Six markers that had a genotyping call-rate of ⬍80% were
eliminated, and the overall success rate was 92.6%. Marker
genotypes were tested for Hardy–Weinberg equilibrium, and a 2
threshold of 9 was used to remove markers that were significantly
out of equilibrium, leaving 59 SNPs for association studies.
Statistical Analysis. Statistical analysis of gene expression data was

performed by using unpaired Student’s t test. A value of P ⬍ 0.05
was considered statistically significant.
For human SNP analyses, standard methods were used to
test Hardy–Weinberg equilibrium of genotype frequencies.
TRANSMIT software (31) was used to apply a family-based
test of linkage and association. TRANSMIT implements both
allele and haplotype tests of transmission disequilibrium.
TRANSMIT estimates haplotype frequencies in founder, using an
EM algorithm so that missing data (incomplete genotypes) can be
weighted in the transmission disequilibrium test. A forwardselection strategy was implemented to build a haplotype that is
linked/associated with susceptibility to T2D or hypertension ExWoon et al.
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tension of a haplotype was allowed when the overall (‘‘global’’)
significance of the gene-association was increased, based on the
asymptotic P value; this takes into account the increasing number
of degrees of freedom with longer haplotypes.

